Hypothalamic brain slices, varying in thick ness from 400fL to I,OOOfL, were assessed by studying 2deoxyglucose (2DG) metabolism, lactate accumulation, inulin spaces, and morphology at the light and ultrastruc tural levels. Evidence of increased glycolytic flux due to anaerobic metabolism is found at thicknesses greater than 600fL in association with a progressive increase in the inulin-exclusion space. The metabolic profiles, as a function of depth into the slices, reveal that 700-fL slices function in a manner similar to 540-fL slices at the sur faces, but with a core of increased 2DG phosphorylation at the slice center. In contrast, the lOOO-fL slices show significant reductions of 2DG and increases in 2DG6P rel-Abbreviations used: AHA, anterior hypothalamic area; 2DG, 2-d eoxyglucose; 2DG6G, 2-d eoxyglucose-6-phosphate; SCN, suprachiasmatic nucleus.
Stroke continues to be a major cause of mor bidity and mortality, affecting nearly 500,000 each year in the United States alone (Meyer et al. , 1987) . Despite reductions in the stroke rate associated with improved treatment of hypertension and car diac disease, stroke remains common among the el derly, smokers, diabetics, those with familial pre dispositions to atherosclerosis, and in patients with systemic inflammatory or infectious diseases. Most strokes are due to focal ischemia associated with arterial occlusion, rather than global ischemia, such as occurs with cardiac arrest. In focal ischemia, blood flow is inadequate for a local region of brain, whereas surrounding tissue has adequate flow. Be tween the region of infarction and the surrounding healthy tissue is a borderline zone known as the "ischemic penumbra" (Astrup et al. , 1977) . In this zone, the brain parenchyma is in a compromised state, but the injury is potentially reversible. En ergy requirements remain high and exceed the supply of substrates (Powers and Raichle, 1985) . This unstable situation can resolve or may progress to infarction, with the patient's ultimate deficit de pendent on the outcome (Olsen et al., 1983; Kushner et al. , 1987) .
Focal ischemia initiates a complex sequence of biochemical events to produce tissue injury. The primary biochemical consequences of focal isch emia differ from those of global ischemia because they reflect severe hypoxia with relatively pre served delivery of glucose. This occurs both be cause neural tissue appears to be more sensitive to reductions in oxygen than glucose and because there is usually a small residual flow in focal isch emia that continues to supply glucose to the region (Astrup et al., 1981; Cox et al., 1983) . As a result, there is an increase in anaerobic metabolism, with an obligatory lactic acidosis. Secondary events in focal ischemia include a depletion of high-energy phosphate compounds, activation of arachidonate pathways, impaired reuptake of K + , depolarization of neurons from the excess extracellular K + and released excitatory amino acid neurotransmitters, and excessive influx of Ca2 + into neurons (Siemko wicz and Hansen, 1981; Hauptman et al., 1984; Whittingham et al. , 1984; Yasuda et al., 1985; Kass and Lipton, 1986) . Neuronal mitochondria are im-paired in their ability to replenish adenosine tri phosphate (ATP) , as the energy of oxidative phos phorylation is diverted toward Ca2 + extrusion. Re duced total adenylate pool further compounds the problem. Eventually, cellular ion pumping mecha nisms fail, and cell death occurs. If reoxygenation occurs, there is a dramatic increase in oxygen-free radicals and further tissue damage (Siesjo and Wie loch, 1985) .
Despite this general outline, the detailed se quence of events that results in irreversible injury after focal ischemia remains obscure. The relation ship of the acidosis to neuronal depolarization is uncertain. The relative influences of K + ' and the excitatory neurotransmitters on membrane poten tial in the early phases are unknown, nor is it clear exactly what role Ca2 + has in sustaining the isch emic state and potentiating free radical damage (Braughler et aI., 1985; Siesjo and Wieloch, 1985) . The role of arachidonate metabolites, which in crease early in irreversible ischemia injury, is es sentially unknown (Yasuda et aI. , 1985) . These all contribute to the state of the ischemic penumbra. Any interventions that decrease energy demands, ionic imbalance, or toxic metabolites in the pen umbra increase the likelihood of tissue survival until surgery, fibrinolysis, or natural collaterals in crease oxygen delivery, potentially reducing the eventual neurological deficit sustained by the stroke victim. There are many good models of focal ischemia at the present time, including in vivo models that use arterial clamping or embolization and whole brain perfusion models that closely reproduce the events that occur in humans (Plum, 1983; Kopp et aI. , 1984) . The brain slice has previously been proposed as a model of ischemia (Whittingham et aI. , 1984; Schiff and Somjen, 1987) . Brain slices differ meta bolically in several respects from in vivo tissue, in troducing complications in interpretation, but the model has the advantages of permitting greater control of the surrounding environment and finer kinetic resolution of pharmacological experiments. As the blood -brain barrier is not a factor in brain slices, the information obtained reflects neural events without the influence of the brain vascula ture. Thus, information obtained with brain slices complements that obtained with the in vivo models.
We have recently used hypothalamic brain slices with suprachiasmatic nucleus (SCN) as a model of mammalian circadian rhythm and have demon strated the applicability of the 2-deoxyglucose (2DG) method of measuring glucose utilization to the study of brain slice metabolism Hospod, 1986, 1987) . In this article, we report the results of experiments using 2DG metabolism, lac tate content, water compartments, and light and ul trastructural morphology that were done to deter mine the effects of increasing slice thickness in our system. These results provide considerable insight into the kinetic constants found for the in vitro glu cose utilization model and suggest that the meta bolic conditions of thicker hypothalamic slices closely resemble the conditions in the ischemic penumbra. A combination of slice thicknesses, at 540jJ-, 700jJ-, and lOOOjJ-, should provide a useful model for studying the detailed metabolism within ischemic brain tissue and for determining the ef fects of pharmacological agents on preservation of neural tissue.
MATERIALS AND METHODS

Tissue preparation
Male Sprague-Dawley rats weighing 175-225 g were caged unrestrained in groups of 3 at 22°C in a well-venti lated light-control box with a 12: 12 light:dark cycle and free access to food and water for at least 3 weeks (lights on at CTOO). All animals were killed between CT0430 and CT06 by decapitation with the lights on. The brain was removed via a posterior approach to avoid traction on the optic nerve and then was block dissected into ice cold Krebs-Ringer with 8 mM phosphate isolation buffer at pH 7.37. Parasagittal cuts were made lateral to the optic tract. The block was cut horizontally at the level of the anterior commissure, sliced at the appropriate thick ness on a Smith-Farquhar (Sorvall) tissue chopper, and transferred to isolation buffer at 4°C, gassed with 95% Oz-5% COz for separation of slices using a dissecting mi croscope. The slices were then transferred to their rings and placed in the preincubation chamber. Time from de capitation to chamber averaged under 3.5 min. All slices were selected from the 4-5 mm of hypothalamus cen tered about the optic chiasm to maintain maximum tissue homogeneity. In our chamber system, slices are main tained between two nylon meshes that are stretched tightly over glass rings. The mesh of the larger ring pro vides resting support for the slices, whereas the mesh of the inner ring, sitting above the slices, reduces turbu lence and retains buffer during transfer among chambers (Newman and Hospod, 1986) . Te flon spacers, cut to 100f,L thicker than the incubated slices, maintain the appro priate mesh separations. The basic buffer was Krebs Ringer with concentrations (in mM): NaCI 129, MgS04, 1.3, NaHC03, 22.4, KHzP04 1.2, KCl 3.0, glucose 10.0, and CaClz 1.5, with an atmosphere of prehumidified 95% Oz-5% COz. The pH was maintained between 7.37 and 7.39. All solutions were prepared with 17 MOhm deion ized water. All salts and laboratory reagents were of cell culture grade (Sigma Chemical, St. Louis, MO, U.S.A.). Buffer flow was 2.2 ml/min and gas flow 0.075 Llmin. Osmolarity was 305 ± 2 mosmol. Buffer was discarded after chamber contact. cubated in buffer containing 0.3 [1Ci/ml of 1 4 C-2-deoxy glucose (2DG) (specific activity >50mCi/mmol; Amer sham, Arlington Heights, IL, U.S.A.). To initiate an in cubation, the slices, held between the two rings, were removed from the preincubation chamber and drained briefly, and 1 ml of the radioactive buffer was pipetted onto the rings, which were then placed in the incubation chamber within 10 s of removal from the first chamber.
One-hour isotope incubations were carried out at 37°C in a chamber with a total chamber/tubing/reservoir volume of 13.3 ml. Buffer was recirculated at 4.4 mllmin with continuous bubbling of humidified 95% O2-5% CO2 in the reservoir and as the buffer entered the chamber (Newman and Hospod, 1986) . The incubation was termi nated by removing the rings from the chamber and pouring 20 ml of the warm preincubation buffer over the slices. Tissue was frozen, while still resting on the lower ring, in liquid nitrogen in less than 1 s and was stored overnight at -70°C. After removal of the optic chiasm, anterior commissure, and all other visible white matter on a dry ice plane, the frozen hypothalamic gray matter was then placed in a glass microhomogenizer (Kontes) and homogenized to a frozen slurry in 3 aliquots of ice cold 0.6 M perchloric acid totalling 200 [11 (measured with Lang-Levy pipettes). The homogenate was microfuged at 4°C at 15,000 g for 15 min. The supernatant was colored with 3 [11 of methyl orange, brought to pH 10 with 48 [11 of 3 M KOH, and kept on ice for 15 min. The resulting per chlorate precipitate was removed by recentrifugation as above, the sample weighed, and, for selected samples, measured aliquots removed for thin-layer chromatography. The sample was loaded onto columns prepared in I-ml syringes filled with AGI-8X, formate form, anion exchange resin (Bio-Rad) to a volume of 0.6 ml and equil ibrated in a solution of NaOH at pH 11. 1 4 C-2DG was eluted with 2.4 ml of NaOH at pH 11, and 1 4 C-2-deoxy glucose-6-phosphate (2DG6P) was eluted with 2.1 ml of 1 M NaCl at pH 1.2. Precolumn samples, elution fractions, and the stock solutions of 1 4 C-2DG were analyzed by thin-layer chromatography, visualized with KMn04, and scraped in zones for scintillation counting (Savaki et aI., 1980) . The protein pellet was solubilized in the sealed ho mogenization flask with 500 [11 of IN NaOH in the oven at 60°C for 1-2 h and then neutralized with 500 [11 of IN HCI. The perchlorate pellet was solubilized in 500 [11 of water. Radioactivity for the two column fractions was counted in a scintillation counter (Packard Tr i-Carb) for 10 min, the total radioactivity corrected for residual counts in the protein and perchlorate pellets, and normal ized for sample protein content (Lowry et aI., 1951) 1,000[1 for further study, as these thicknesses represent tissue with minimum, moderate, and markedly increased lactate levels, respectively. Complete sets of slice thick nesses were prepared from the hypothalami of two rats, incubated for 1 h with 2DG, frozen, serially sectioned at 20[1, and the sections collected into groups of four. Con tent of 2DG, 2DG6P, and protein were determined for each 80-[1 group as above, yielding a profile of 2DG up take and phosphorylation throughout the slice.
Glucose utilization
Glucose utilization of the anterior hypothalamic area (AHA) and the suprachiasmatic nucleus (SCN) was mea sured by autoradiography in the outer 100[1 of 540-[1 slices at 20-[1 increments to seek variation as a function of depth into the slice. Serial measurements of the AHA were performed on 10 slices. Suprachiasmatic nucleus (SCN) measurements were made for two slices in which the surface cut went through the middle of the SCN where there is little variation in glucose utilization from section to section. We also measured whole slice glucose utilization in 1,000-[1 slices (see below) to determine the effects of the duration of incubation on the metabolic state of the compromised 1,000-[1 slice. The foundations of in vitro glucose utilization have been described else where (Newman and Hospod, 1987) . The ability to de liver a true square-wave pulse of radioactivity to the slice permits analytical integration of the convolution integrals in the equations for in vivo glucose utilization. Following Phelps et al. (1979, their Eq. 23) , the operational equation for in vitro glucose utilization can be written as:
where Cp refers to the concentration of glucose in the perfusate; Cj*(n is tissue radioactivity at the end of the experiment normalized for both radioactivity; kl is the rate constant for tissue uptake of 2DG; k2 is the rate con stant for tissue efflux of 2DG; k3 is the rate of hexokinase activity, and the apparent rate constant k/, is used to de note the fact that 2DG6P phosphatase activity reflects a complex multi compartmental process (Mori et a!., 1986). In addition,
TI represents the time of incubation, TR the time of rinse, T = TI + TR, and LC refers to the lumped constant as originally defined (Sokoloff et aI., 1977) . We have pre viously determined the values of these constants for the hypothalamic slice (Newman and Hospod, 1987) . For the 540-[1 slice, kl = 0.164 min-I , k2 = 0.192 min-I , k3 = 0.018 min-I , k4' = 0.0061 min-I , IX I = 0.0046 min-I , IX2
= 0.2095 min -I , and LC = 0.384, For the 1000-[1 slice, kl = 0.113, k2 = 0.15, k3 = 0.053, k4' = 0.0061, IX I = 0.0046, IX2 = 0.2034, and LC = 0.473.
For regional glucose utilization using autoradiography, coronal hypothalamic slices were prepared as above.
After the hour of preincubation, slices were incubated at 37°C in buffer containing 0.3 J.LCi/ml of 14C-2-deoxyglu cose for 45 min and rinsed for 30 min. After freezing of the slice as above, cryostat sections were collected on I-mm thick glass microscope slides, dried immediately at 60°C on a slide warming tray, mounted with uniform pressure in a cassette with radioactive standards against film, and exposed for 4.5 days. (Our standards have been calibrated to brain tissue of known radioactivity through the generosity of Dr. L. Sokoloff.) After exposure, the sections were stained with cresyl violet for identification of the nuclei. Average regional optical densities for SCN and AHA were measured on an image analyzer that allows digital overlay of the autoradiogram and Nissl stained section (MCID, St. Catherine, Canada). In this manner, the autoradiographic region of interest could be defined solely by reference to the histological section. Sections were coded to maintain "blind" conditions. The optical densities of standards were also determined, and a standard curve was obtained by nonlinear curve fitting. U sing the best-fit equation, measured tissue optical den sities were converted to tissue radioactivity, Cj*, ex pressed as nanoCuries per gram of tissue. Glucose utili zation was calculated for regions of each cryostat section with the value of Cj*, the bath counts, Cp *, our values for in vitro kinetics constants, and our equation for in vitro glucose utilization.
For whole slice glucose utilization, slices were incu bated as for autoradiography, frozen in liquid nitrogen cooled isopentane still resting on the mesh of the outer ring, and stored overnight. After removal of the optic chiasm, anterior commissure, and all other visible white matter, the remaining tissue was cut from the mesh and homogenized in 500 J.LI of ice-cold IN NaOH. The sample was solubilized in a sealed homogenization flask by heating in the oven at 60°C for 3 h, allowed to cool, and neutralized with IN HCl. A 500-J.LI aliquot was used for scintillation counting and a 100-J.Ll sample for determina tion of protein by the method of Lowry et al. (195 1) . Sample radioactivity was divided by the sample protein to yield Cj* as dpm/mg protein, which was then multi plied by 84 mg protein/g tissue, the value determined in our water space measurements for the brain slice, yielding Cj* as dpm/g tissue. Glucose utilization was then calculated as for autoradiography.
Lactate
We measured lactate in slices after 2 h in vitro using sets of slices 400-1 ,OOOJ.L thick, which were prepared from 6 additional animals. After freezing in liquid ni trogen, homogenization, and perchlorate precipitation as for 2DG analysis, the perchlorate supernatant was placed in a 1-ml volumetric flask and taken to that volume with water. Lactate was measured in a 100-J.Ll sample by the enzymatic assay method of Noll with fivefold excess en zymes and substrates as discussed in that reference to insure completion of the reaction within 15 min. Results were expressed as lactate/mg protein (Noll 1984) .
Tissue water and inulin space
Sets of slices, 400-1,000J.L thick, prepared from 3 rats, were preincubated for 60-75 min, exposed to 1 4 C-inulin for 1 h, rinsed briefly, gently blotted free of buffer in tarred vessels, weighed, dried in a vacuum oven at 40°C and -29.7 torr for 18 h, reweighed, solubilized in 250 J.Ll IN NaOH, neutralized with IN HCI, and transferred to a scintillation vial for counting. Based on the slice wet weight, dry weight, and total radioactivity and the bath radioactivity, it is possible to calculate total water con tent, the inulin space, and their difference, the inulin-ex clusion space. To permit comparison to in situ values and prior slice studies of Amtorp (1979) and Kass and Lipton (1982) , the results were normalized to 20 mg dry weight of tissue (Lipton and Whittingham, 1984) .
Statistics
Significance for all comparisons was tested using Stu dent's two-tailed t test and by inspection of the 95% con fidence limits derived from the standard error. Linear and nonlinear regressions were carried out by the least squares method.
Microscopy
For 540-J.L slices, the slices were taken from the incu bation chamber in their rings and placed immediately into 0.25 strength fixative warmed to 37°C for 5 min, to 0.50 strength fixative warmed to 37°C for another 5 min, and then to full-strength fixative, consisting of 5% glutaralde hyde, 4% paraformaldehyde in 0. 1 M phosphate buffer, pH 7.2, and maintained at 37"C for I h. After cooling to room temperature, the slices were placed in the refriger ator in full-strength fixative for additional fixation at 4°C overnight. Postfixation was with 1% OS04 and 2% K4Fe(CN)6 for 1.5 h. After fixation, the slices were gently floated from their rings and rinsed with 0. 1 M phosphate buffer, pH 7.2, with three 10-min washes, dehydrated with successive 10-min washes with 50%, 70%, and 95% ethanol, and twice each in 100% ethanol and propylene oxide. The slices were infiltrated with EmBed 812 (EMS, Fort Washington, PA, U.S.A.) overnight in a 1: 1 mixture with propylene oxide in a vacuum oven at room tempera ture, in 3: 1 resin to propylene oxide for 4 h, and eventu ally in 100% resin for 4 h. The slices were then embedded in fresh resin, which was degassed under vacuum and al lowed to cure in vacuo at 60°C for 2 days. The procedure for 1,000-J.L slices was the same, except that postfixation was continued for 3 h. Over 30 animals have been used for development of these particular methods. At least 20 slices at each thickness were prepared with these methods of analysis in this study.
Slices of varying thickness maintained in vitro for 2 h were also studied by light microscopy with cresyl violet staining of 7-J.L sections after immersion fixation in Bouin's fixative or isopentane freezing.
RESULTS
The results of whole-slice studies of 2-deoxyglu cose metabolism are summarized in Fig. 1 . In the thinner slices, [2DG] is high while [2DG6P] is low, but the trend gradually reverses at greater slice thicknesses. The ratio [2DG6P]![2DG] emphasizes these differences. Greater detail is apparent from the metabolic profiles shown in Fig. 2a -c. In these cross-sectional profiles, [2DG] and [2DG6P] are shown for 80-fL steps through the thickness of the slice, with depth expressed as distance from slice center. The results for the 540-fL slice reveal uni formly high [2DG] and uniformly low [2DG6P] throughout the slice, which is in quantitative agree- ment with the whole-slice studies. No trend at the slice center is apparent. In the 700-fL slice, [2DG] is essentially identical to the 540fL slice (29.3 ± 3.4 dpm/mg protein for the 540-fL slice and 29.3 ± 2.0 dpm/mg protein for the 700-fL slice), and again, there is no trend at the slice center. However, [2DG6P] is seen to rise dramatically from slice sur face, where accumulation of 2DG6P is the same as for the 540-fL slice, to the slice center, where the level is twice that at the surface. There is no sug- 
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Distance from Slice Center (microns) gestion of decrease in the value of 2DG at the slice center. In the 1,000-fL slice, a more complicated pattern emerges. Formation of 2DG6P is above the level of the 540-fL slice, even adjacent to the edges, and rises gradually until 300fL from the surface, where there are parallel concavities in 2DG and 2DG6P profiles. There is a definite reduction in [2DG] at the slice center and even a reduction at the slice surface. Close to the surface, [2DG6P] is elevated relative to [2DG], but at the slice center, there is less elevation of [2DG6P] than had been present in the 700-fL slice, which showed no central reduction of [2DG]. These trends are even more ap parent when the ratios [2DG6P]/[2DG] are consid ered (Fig. 2d) .
The slice lactate studies (Fig. 3) reveal that lac tate remains low until about 600fL and increases sig nificantly at 650fL to 800fL, with further increase by 1,000fL. Ta ken together, these results clearly dem onstrate that there is increasing anaerobic metabo lism at slice thicknesses of 650fL and above.
The results of our water compartment studies are summarized and compared to previous in vivo and in vitro studies in Fig. 4 . The most significant finding is that there is a small but consistent in- crease in inulin-exclusion space for the 800-jJ.. and 1,000-jJ.. slices. Both the 400-jJ.. and 600-jJ.. slice in ulin-exclusion spaces differ significantly from that of thelOOO-jJ.. slice (p < 0.05). Several patterns of variation in the inulin space are also apparent. As repeatedly observed in the past, in vitro slices have significantly greater inulin spaces than in situ tissue. In addition, all slices of the present study have smaller increases in inulin space than slices in former studies. Finally, there is a gradual decline in the relative amount of inulin space as slice thick ness increases. Glucose utilization measurements, as a function of depth from the surface of the 540-jJ.. slice in 20-jJ.. steps, are shown in Ta ble 1. It can be seen that glu cose utilization is only minimally reduced in the (Amtorp, 1979; Kass and Lipton, 1982) . In ulin-exclusion space is calculated from the total slice water and inulin space. Note the gradual decline in inulin space and increase in inulin exclusion space as slice thickness in creases. b The ratio G)GIOO is obtained by dividing glucose utilization at the depth, x, by the glucose utilization of the congruent region 100fL into the slice.
first few sections relative to the slice interior and that the differences are without statistical signifi cance (p > 0.2). Although there were only two SCN slices appropriate for this study, it is clear that the surface profile is similar to that of the AHA. The SCN glucose utilization value is much higher than that of the AHA, which is in keeping with our previous less quantitative studies and is very close to the corresponding in vivo glucose utilization value for CT06 with the lights off (Schwartz et aI., 1980, Newman and Hospod, 1986) .
When glucose utilization of whole 1000-jJ.. slices was measured for 20 time points after 1-15 h in vitro, there was no consistent change throughout the duration of the experiment. The average glu cose utilization was 40.1 ± 5.1 jJ.. mol/g tissue/min. Linear regression analysis revealed a slope of -0.003 ± 0.011, with a y-intercept of 41.6 ± 2.5 jJ.. mol/g tissue/min.
Representative micrographs from the center of 400-jJ.. and 600-jJ.. brain slices fixed with Bouin's fix ative and stained with cresyl violet after 1.5 h in vitro are shown in Fig. 5 and demonstrate the con sistent observation of increased neuronal pyknosis in the 400-jJ.. slice. This finding is present to a minor extent in the SCN, but is observed uniformly in the AHA. No differences between tissue from 600-jJ.. slices and tissue from 800-jJ.. or 1,000-jJ.. slices were observed with these methods, although there was the occasional suggestion of perikaryal swelling and neuropil vacuolation in the 1,000-jJ.. slice.
Electron micrographs taken from the center of 540-jJ.. and 1,000-jJ.. slices are shown in Fig. 6 . The similarity of the two fields is apparent, with excel lent preservation of neuropil. Perikarya, seen in many other fields, also appear to be intact in most cases, although some clumping of chromatin and increased cytoplasmic density are occasionally ob served at either thickness. Mitochondria show minor disruption in the majority of cases and signif-
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, icant disorganization in a minority. Occasional disruption of medium-sized dendrites and expan sion of astrocytic processes are also seen. There is a slight tendency for all of these changes to occur more frequently at the center of the 1,OOO-f,L slice than at the center of the 540-f,L slice. Although these changes are consistent with increased ischemia at the center of the 1,OOO-f,L slice, the differences may also be related to the greater difficulty of fixing the 1,OOO-f,L slice by immersion methods (personal ob servations). The remaining subcellular organelles, including synaptic terminals, vesicles, and junc tions, endoplasmic reticulum, cytoskeletal compo nents, multivesicular bodies, nuclei, nucleoli, myelin, and glial fibers, all retain their in vivo ar chitecture. Accumulation of glycogen granules is rarely seen at either slice thickness. "Dark neu rons" are seen occasionally toward the slice sur faces, but only very rarely at depths greater than lOO-f,L in thin or thick slices.
DISCUSSION
The information obtained from these studies sug gest a consistent pattern of metabolic injury as slice J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 thickness increases. The rise in whole slice [2DG6P] and the ratio [2DG6P]/[2DG] above 600f,L (Fig. 1) indicates a progressively greater rate of gly colytic flux in the thicker slices. There is a corre sponding increase in lactate that occurs abruptly as the slice thickness of 600f,L is exceeded (Fig. 3) ; thus, the increased glycolytic flux is the result of increased anaerobic metabolism. The lactic aci dosis and anaerobic state that appear with greater thicknesses are associated with a reduction in [2DG]. This decline in 2DG is presumably due to reduced transport of 2DG into the cells, as there are no gross alterations of intra-or extracellular spaces to explain the change (see below), and 2DG does not fall in the center of the 700-f,L slice, even though the rate of phosphorylation exceeds that of the 1,OOO-f,L slice. The reduced transport of 2DG could be a direct consequence of tissue hypoxia or a secondary sequelae. Further interpretation of the whole slice data is limited by the necessary as sumption of homogeneous distribution of 2DG and 2DG6P throughout the slice. However, that as sumption may not be valid, especially for thicker slices. The slice profile studies reveal different patterns of 2DG and 2DG6P for each of the three slice thick nesses studied (Fig. 2) . The assumption of homoge neous distribution appears to be a good one for the 540-f,.L slice, as, apparently, there is very little varia tion in either [2DG] or [2DG6P] from the slice sur faces to slice interior. The profiles of the 700-f,.L slice reveal the same uniform concentration of 2DG, but [2DG6P] is seen to increase significantly in the slice center, whereas the surface values resemble those of the thinner slice. This is consistent with a re stricted zone of anaerobic metabolism at the slice center, with conditions at the slice surface resem bling those of the 540-f,.L slice. The maintained trans port of 2DG throughout the slice suggests that, un like the situation in the 800-f,.L and 1,OOO-f,.L slices, the increased glycolytic flux at the center of the 700-f,.L slice is sufficient to maintain an energy state that is adequate for normal transport processes. This may help to explain the stability of the energy J Cereb Blood Flow Metab, Vol. 8, No. 4, 1988 B o charge with increasing grades of hypoxia (Mac Millan and Siesjo, 1972) . In the 1,000-,..., slice, the uniform distribution of 2DG is not maintained, and there is an obvious decline toward the slice center. It is important to note, however, that even the sur face values of 2DG are considerably below those of the 540-,..., and 700-,..., slices. This suggests impaired plasma membrane transport mechanisms throughout the slice, not only at the slice center, but even at the surface, where diffusion cannot be a limiting factor, as the results with the 700-,..., slice demonstrate that 2DG penetrates uniformly at least 350,..., into the slice. The profile of 2DG6P in the 1,000-,..., slice supports the interpretation of spreading injury from the slice interior to the slice surface. The superficial levels of 2DG6P are in creased, both absolutely and relatively to those of 2DG, indicating increased glycolytic flux, even though hypoxia at the surface is unlikely. Appar ently, events at the slice interior are affecting the neighboring tissue so that abnormal metabolism re sults despite adequate delivery of oxygen and glu cose. This may occur because of extracellular re lease of K + or excitatory neurotransmitters, by spread of acidosis, or by depolarization of neurons at the periphery because of firing of synaptic ter minals of the neurons experiencing more intense ischemia. The profile of 2DG6P also reveals a flat tening of the curve in the slice center corresponding to those regions with the greatest reductions in 2DG. It seems likely that transport of 2DG is the rate-limiting step in the generation of 2DG6P at the interior of the 1,000-,..., slice. Additional evidence of impaired plasma membrane transport is provided by the observed increase in inulin-exclusion space for the 800-,..., and 1,000-,..., slices, which implies an increased intracellular space with altered ionic equilibria at those thicknesses.
The biochemical alterations seen in the 1,000-,..., slice raise questions regarding the anatomic integ rity and the temporal behavior of that tissue. Based on prior morphological studies, significant tissue disruption would be expected. However, our own detailed studies on slice immersion fixation methods suggest that many of the morphological changes previously reported as indicating slice hy poxic injury for thicker slices may have included a variety of fixation artifacts (Garcia et aI., 1978; Bak et aI. , 1980) . The micrographs presented here are illustrative of the findings with our present fixation methods, which show only minor anatomic changes specific to the 1,000-,..., hypothalamic slice after 2 h in vitro, based on comparison with the morphology of the 540-,..., slice. It is possible that quantitative morphometric studies would reveal more subtle J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 differences, particularly for mitochondria, nuclear chromatin and astrocytic processes, but even then, it would be uncertain whether the differences were due to true ischemic injury or sensitivity of these anatomic features to fixation methods. Clearly, however, 1,000-,..., hypothalamic slices that are step wise fixed at 37°C do not show the major ischemic changes previously described for 700-,..., cerebellar slices prepared with much milder fixation methods at room temperature (Bak et aI. , 1980) . Our water compartment studies are consistent with the ultra structural evidence of minimal anatomic injury in the 1,000-,..., slice, as significant disruption of plasma membranes should result in an increase in the inulin space and a fall in the inulin-exclusion space, and this is not observed. Similarly, the results of studies with the 1,000-,..., slice that measure glucose utiliza tion after long-term incubations support the mor phological findings. Even after 15 h in vitro, there is essentially no decline in the rate of glucose utiliza tion. This finding is somewhat unexpected, as the 2DG profile and water compartments of the 1,000-,..., slice after 2 h in vitro suggest that membrane trans port mechanisms in the slice have already begun to fail. One possible explanation for our observation is that the Krebs-Ringer perfusion maintains rela tively normal pH, lactate, and extracellular K + and, thus, prevents the sequelae that would ordi narily follow under conditions of reduced perfu sion. Preliminary studies in our laboratory support this interpretation, Even minor degrees of acidosis in our perfusing buffer result in significant reduc tions in glucose utilization over time, especially for the thicker slice, which appears to be more sensi tive to pH changes than the thinner slices. Regard less of the correct explanation, such results would be unlikely if there were significant alterations of neuronal or astrocytic morphology after 2 h in vitro. The increased intracellular water and com promised surface metabolism of the 1,000-,..., slice in the present study raise potential correlations with "cytotoxic edema" and "spreading depression" observed in vivo and suggest that the thick brain slice may be suitable for the study of these phe nomena.
We have recently completed a more formal anal ysis of glucose utilization in the hypothalamic brain slice, including measurement of the kinetic con stants of the operational equation for calculating glucose utilization (Newman and Hospod, 1987) . The present results with 2DG correlate very well with the more quantitative studies. For example, the relatively low rate of conversion of 2DG to 2DG6P apparent in Figs. 1 and 2 correlates with a phosphorylation rate, k3' of 0. 018 min -1 for the 540-j.L slice. The value of k3 increases to 0.053 min -I in the 1,000-j.L slice, just as the quantity of 2DG converted to 2DG6P by the 1,000-j.L slice in creases in this study. Similarly, the volume of dis tribution for 2DG, Vd*' is 0.803 ml/g for the 540-j.L slice, which is considerably larger than the value of 0.595 ml/g for the 1,000-j.L slice, which is in excel lent agreement with the differences in [2DG] ob served for those two slices in this study. The poten tially rate-limiting aspect of cellular 2DG transport, reflected by the lower V d * of the 1,000-j.L slice, is also apparent when glucose utilization is calcu lated. Despite a phosphorylation rate that is more than threefold greater than that of the 540-j.L slice, actual glucose utilization increases by only 50%.
Ta ken together, our results indicate that each of the three slice thicknesses represents neural tissue in a different metabolic state. The 540-j.L slice ap pears to function as if fully oxygenated and with adequate supply of substrate, although phosphory lation is less than the normal in vivo rate. The 700-j.L slice retains the property of adequate sub strate, but is functioning under hypoxic conditions in the slice center, although there is no evidence of impaired transport mechanisms across the plasma membrane. On the other hand, the 1,000-j.L slice shows significant impairment of plasma membrane transport, with reduced accumulation of 2DG and increased intracellular water. Even the surfaces of the slice appear to be functioning abnormally, indi cating spread of pathological influences from the center to the surface of the slice. Despite these sig nificant metabolic alterations, however, there is no major anatomic disruption, and the metabolic state appears to be relatively stable. This spectrum of conditions suggests that the three slice thicknesses may be used together to provide a model for studying the biochemistry of ischemia.
The concept of "ischemic penumbra" was intro duced over 10 years ago to call attention to situa tions in which modest reductions in cerebral blood flow produce complete electrical failure without ir reversible injury. In baboon neocortex, evoked po tentials were lost without massive release of intra cellular K + or severe changes in extracellular pH and could be restored by increases in blood flow (Astrup et aI., 1977) . Subsequent studies in cats ex tended the concept of the penumbra by demon strating gradations of injury within electrically si lent areas, with increasing distance from the prin cipal site of infarction after middle cerebral artery occlusion. Only minor electrolyte disturbances were found in the penumbra, and in vitro synapto some function and gamma-amino butyric acid (GABA) uptake were normal, although classical ischemic neuronal changes and reactive glia were seen on occasion (Strong et aI., 1983a,b) . Studies with positron emission tomography (PET) and 150 2 , ISO-C0 2 , and 18F-2DG have provided evidence for the existence of an ischemic penumbra in humans. In patients with stroke, it is possible to identify re gions of "misery perfusion" in which oxygen ex traction is increased above normal because of per sistent oxygen consumption despite reductions in cerebral blood flow. Glucose consumption appears to be increased in these regions (Baron, 1985; Powers and Raichle, 1985; Alavi et aI., 1986) . Neu rological recovery has been associated with sur gical reversal of hemodynamic focal ischemia de fined with PET (Baron et aI., 1981) . Studies in humans using the xenon-133 inhalation method have demonstrated blood flows in the range charac teristic of the ischemic penumbra and loss of auto regulation in large zones with normal appearance on computed tomography (CT) scan following deep cerebral infarcts (Olsen et al., 1983) . Recent discus sions of the ischemic penumbra have emphasized the dynamic nature of the situation. Efforts have been made to subdivide the penumbra into zones of electrical failure with no electrolyte or morpholog ical change and into zones in which the electrical failure is associated with moderate ionic abnormali ties and occasional ischemic neuronal damage (Strong et aI., 1984) . The unstable nature of the penumbra and the temporal thresholds for neuron survival are of particular concern (Meyer et aI., 1986; Olsen, 1986) . At the present time, the most reasonable view of the penumbra appears to be a continuous gradation of blood flow reduction from the zone of infarction to regions of normal flow. Closest to the infarcted zone, the reduced blood flow is associated with significant electrolyte ab normalities and gradually increasing death of indi vidual neurons without gross infarction. Further from the infarct, the lesser reductions in blood flow result in less severe metabolic changes and infre quent neuronal loss (Tobita et al., 1985) .
Measurement of glucose utilization in brain slices has several advantages for the study of biochem istry of the ischemic penumbra. Early studies of ce rebral ischemia demonstrated that increased glyco lytic flux occurs long before any changes in other measures of ischemia, such as the adenylate energy charge (MacMillan and Siesjo, 1972) . Alterations of the energy charge in hypothalamic slices were not observed until thicknesses of 2000j.L, whereas our studies show changes in glucose utilization by 700j.L (Lust et aI., 1982) . One of the primary complica tions in interpreting brain slice experiments on the effects of ischemia relates to the obligatory isch-emia that occurs during decapitation of the animal. Changes in electrical properties, high-energy com pounds, lactate, cyclic nucleotides, and arachi donate metabolites have all been shown to occur immediately after decapitation (Fujii and Yoshizaki, 1976; Lipton and Whittingham, 1982; Fredholm et aI., 1984; Yasuda et aI. , 1985) . Most of these changes revert to normal after an hour in vitro, but lactates remain twofold elevated, the total ade nylate pool is reduced by half, and the overall meta bolic rate is approximately half of the in vivo value (Lipton and Whittingham, 1982; Fredholm et aI. , 1984; Lipton and Whittingham, 1984) . The reduc tion in overall metabolic rate has usually been ascribed to injury to the tissue at the surface of the brain slice incurred during mechanical slicing. It has been suggested that the outer 75-100f-L of each surface contributes little to the metabolic measure ments made on the whole slice and that the interior of the slice is fairly close to in vivo conditions. Our data of slice metabolic profile for [2DG] , [2DG6P] , and glucose utilization do not support this hy pothesis. Measurements of the 540-f-L slice show very clearly that there is little change in 2DG trans port or phosphorylation rate in the outer IOOf-L of the slice. Thus, another explanation must be sought for the 40-50% reduction in overall metabolic rate of slices. At the present time, the most likely alter native appears to be the large reductions in the total adenylate pool previously observed to occur during slice preparation (Lipton and Whittingham, 1982; Fredholm et aI., 1984) . Evidence suggests that ATP, adenosine diphosphate (ADP) , and monophosphate (AMP) are converted to adenosine and inosine monophosphate (IMP) during hypoxia (Kopp et aI., 1984) . Both of these latter compounds can be rap idly converted to hypoxanthine and removed from the total adenylate pool. The reduced total ade nylate pool could proportionately reduce the max imal flux of mitochondrial State 3 respiration and limit the overall tissue metabolic rate (Hillered et ai., 1984) . Further research, including the correla tion of total glucose utilization with size of the ade nylate pool, should provide additional insight.
Several technical issues are pertinent to our studies. First, despite the fact that our chamber was designed to optimize buffer oxygenation, an aerobic metabolism becomes evident by 650f-L. This result supports the original theory of diffusion put forth by Warburg as modified for neural tissue me tabolism (Warburg, 1923; Lipton and Whittingham, 1984) . Second, it must be emphasized that all of our results were obtained with hypothalamic slices. Significant quantitative and even qualitative differ ences may exist for slices obtained from other re-J Cereb Blood Flow Metab. Vol. 8, No.4, 1988 gions, such as cerebral cortex or hippocampus, and additional studies are needed to permit the exten sion of these results to other regions. The physio logical values found for SCN suggest that our methods should be applicable to regions with higher metabolic rate. The SCN has repeatedly been of value in developing these brain slice methods because of its intrinsically regulated neural activity. Third, the observed decline in [2DG] in the 1 ,OOO-f-L slice points out a potential pit fall in interpretation of glucose utilization data, whether in vitro or in vivo. Without separate mea surement of [2DG] and [2DG6P] , it is not possible to reliably determine whether an observed reduc tion in glucose utilization is due to reduced hexoki nase activity, reduced glucose transport, or both. Finally, the advantages of in vitro glucose utiliza tion should be noted. With our present chambers, slice environment can be changed very rapidly and without direct slice handling. The duration of iso tope incubations can be precisely controlled, and the cost is minimal compared to in vivo experi ments with 2DG. The tissue can be analyzed by ho mogenization and scintillation counting when the slice encompasses a single region of brain or by image analysis when mUltiple regions are present. As glucose utilization reflects total metabolic ac tivity, the measured values represent an integration of total cellular activity. These data are thus com plementary to information obtained from brain slices with physiological methods that can provide information about individual neurons and neuronal subpopulations, but may not describe the entire neuronal population and may give little information about glial cells. Correlations between physiolog ical recordings and glucose utilization in brain slices should provide new insights into amenable systems. The system is particularly well suited for studying the effects of drugs on ischemic neural tissue without the complication of the blood-brain barrier.
